Ru films were sputter deposited on native oxide p-Si͑100͒ substrates under normal incidence and oblique angle incidence with and without substrate rotation. We characterized the crystalline texture and morphology of the Ru films by x-ray diffraction, transmission electron microscopy, and scanning electron microscopy. For the case of normal incidence, a smooth, uniform surface layer was observed, and pole figure analysis showed coexisting ͕1010͖, ͕0002͖, and ͕1011͖ normally oriented textures. For oblique angle incidence, we found that the films grown by uniform substrate rotation consist of isolated, vertical columnar structures with a clear pyramidal-shaped apex and display a normal ͕1010͖ fiber texture. Individual vertical columns were found to possess a single-crystal structure. In comparison, Ru films grown without substrate rotation possess a slanted columnar structure. They mainly show a tilted ͕1011͖͕1010͖ two-orientation ͑II-O͒ texture, with non-negligible ͕1010͖͕1120͖ and ͕0002͖ ͕1120͖ II-O textures as well. The formation of textures under oblique angle deposition was ascribed to the competition between crystalline planes having different vertical growth rates, where the planes associated with a higher rate survive from the shadowing effects. We argue that the vertical growth rate is determined by the atom mobility. Under substrate rotation this mobility is correlated with the overall atomic roughness of the crystalline planes. For a fixed substrate the adatom mobility exhibits anisotropic behavior, which is reflected in the biased diffusion.
I. INTRODUCTION
Ru is a noble metal with a hexagonal-close-packed ͑hcp͒ crystal structure that is known for its ability to improve hardness in Pd or Pt alloys or corrosion resistance in Ti alloys, and for its versatility as a catalyst in numerous industrial processes. 1, 2 Recently it has attracted attention in several branches of microelectronics. For example, Ru may potentially be used as a seedless diffusion barrier between Cu interconnects and low-k intermetal dielectrics ͑IMD͒, and it is also a candidate material for electrodes in numerous microscale devices. 3 Sputtered Ru films deposited by incident flux normal to the substrate are continuous and typically exhibit a ͕0001͖ normal texture. [4] [5] [6] Recently, researchers have shown that by tilting the flux direction to an oblique angle, [7] [8] [9] [10] it is possible to fabricate vertical ͑with substrate rotation͒ or slanted ͑with-out substrate rotation͒ columnar structures of nanoscale dimensions from various materials including W, Co, Cu, or Si. It is generally believed that the column growth is caused by shadowing effects on the substrate surface. Regions with a relatively greater initial height or growth rate can obstruct the flow of incident flux to other areas, causing the morphology to deviate from the smooth and regular surface that results from depositions at normal incidence. The physical dimensions of these columns have shown a promise in such applications as photonic crystals, cold electron emitters, actuators, and stress-released compliant layers ͑SCLs͒. These deposition conditions have also been found to produce phases such as ␤ phase in W columns. 7, [11] [12] [13] [14] [15] Since surface and bulk properties generally depend on crystallographic orientation, information about the crystal structure and texture formation will help to explain the observed properties ͑physical, chemical, electrical, thermal, optical, etc.͒ of the columns as a function of different deposition parameters. This knowledge can also shed light on the relationship between the crystallographic structure and the competitive dynamics that occur during column growth. It is our goal in this work to focus on the crystalline properties of sputterdeposited Ru films by oblique angle deposition with and without substrate rotation and to compare them to the Ru film grown under normal incidence deposition.
II. EXPERIMENT
In our experiment, a dc magnetron sputtering system was used to deposit the Ru films. Details of the experimental setup have been described elsewhere. 7 The depositions were performed on native oxide p-Si͑100͒ ͑resistivity of 12-25 ⍀ cm͒ substrates ͑ϳ2 ϫ 2 cm 2 ͒ using a 99.95% pure Ru cathode ͑diameter of ϳ7.6 cm͒. The substrates were mounted on the sample holder located at a distance of about 18 cm from the cathode. The base pressure of ϳ4 ϫ 10 −7 Torr was achieved using a turbomolecular pump backed by a mechanical pump. In all deposition experiments, the power was 200 W with an ultrapure Ar pressure of 2.0 ϫ 10 −3 Torr. In oblique angle depositions of vertical nanocolumns, 7 the substrate is attached to a stepper motor and rotated at a cera͒ Author to whom correspondence should be addressed; electronic mail: morrop@rpi.edu tain speed, . When the substrate is tilted so that the flux is incident at a highly oblique angle ␣, isolated columns form through a physical self-assembly process, which is due to shadowing effects. 15 In the case of substrate rotation, the columns grow mainly in the vertical direction, since the azimuthal asymmetry of a single flux direction is lifted. When the substrate is not rotated ͑ = 0 rpm͒, the columns grow tilted towards the incident flux. For oblique angle depositions of both vertical ͑ = 30 rpm͒ and slanted ͑ = 0 rpm͒ Ru columns, we set ␣ = 85°, and for the normally incident depositions, we set ␣ = 0°with = 0 rpm. For our experiment, no intentional heating was applied to the substrate and the maximum temperature of the substrate during the deposition was measured to be ϳ85°C using a K-type thermocouple.
The Ru films ͑conventional film and vertical and slanted columns͒ were imaged by a field-emission scanning electron microscope ͑FESEM-6330F, JEOL Ltd., Tokyo, Japan͒. The distance between a sample and the objective lens was about 10 mm during the imaging. The accelerating voltage was 5 or 10 kV and the current through the tungsten emitter was 12 A.
The thickness of the film ͑␣ =0°͒ was measured from the cross-section SEM image to be 118.4± 2.5 nm and verified by a step profilometer to be 85-100 nm. For this sample, the deposition time was T = 5 min. Column heights were measured from the substrate ͑along the substrate normal͒ to the column tip. For the vertical columns, the thickness was measured to be 381.4± 7.1 nm for T = 90 min. The slanted columns had a thickness of 312.0± 3.0 nm for T = 90 min. The deposition rates were calculated to be 23.7± 0.5 nm/ min for ␣ = 0°, 4.24± 0.08 nm/ min for ␣ = 85°͑with substrate rotation͒, and 3.47± 0.03 nm/ min for ␣ = 85°͑without substrate rotation͒.
For transmission electron microscopy ͑TEM͒ analysis, Ru columns were removed from the Si substrate and then dispersed onto a lacy carbon film on a Cu grid ͑from Ernest F. Fullam, Co.͒. The microstructure of a single column was studied using a Philips CM-12 microscope operating at 120 kV. In addition, selective area electron diffraction ͑SAED͒ was employed to characterize the crystal structure of the column.
The x-ray-diffraction ͑XRD͒ data were collected on a Scintag XDS-2000 diffractometer using a Cu K␣ radiation ͑ = 1.54 Å͒ source, with a tube voltage of 40 kV and a tube current of 40 mA. For the -2 scans, the step size of the detector was 0.05°. The pole figures were performed using the Schulz reflection method, and the step size for all samples was 2°azimuthally ͑ = 0 -358°͒ and 2°tilt ͑ =0°-78°͒. For the pole figures, a 1-mm-diam collimator was added to better focus the incident x-ray beam on the sample surface.
III. RESULTS AND DATA ANALYSIS

A. SEM images
For the conventional Ru film, the cross-section SEM image in Fig. 1͑a͒ shows the postcoalescent columnar structure, and the top-view SEM image in Fig. 1͑b͒ shows a continuous featureless surface. Both of these characteristics are typical for a film that is sputter deposited at normal incidence.
Figures 1͑c͒ and 1͑d͒ show the cross-section and top-view SEM images of the isolated vertical Ru columns. The tops of the vertical columns have a pyramidal shape with four facets, which indicates that an individual column may be a single crystal. Also from the top view, we can see that the azimuthal orientation of the columns is random in the sample plane. This symmetric distribution of planes is important because it ensures that the average flux received by the columns is perpendicular to the substrate under uniform substrate rotation, and this is why the columns grow vertically. From Fig. 1͑c͒ , it is clear that growth competition between columns occurs during deposition, in which the growth of some columns continues, while for others it terminates. Most of the column facets have asymmetrically tilted planes, and from the later XRD analysis, we know that these columns have a vertical ͑1010͒ orientation. We selected a typical column in Fig. 1͑c͒ ͑inset͒ and measured the tilting angles between the facet plane and the plane of the substrate to be ϳ54°and ϳ40°. This is consistent with the angle between two ͕1010͖ planes ͑60°͒ and the angle between ͕1010͖ and ͕1011͖ planes ͑29°͒, if we also note that each column can have a different azimuthal orientation in the sample plane. This means that the measured angles between the facet planes and the plane of the substrate should not be expected to be always exactly 60°o r 29°. In fact, a closer look at the inset of Fig. 1͑c͒ shows that this is the case for the particular column we selected. The dotted line marks the edge formed by two facets coming out of the SEM image plane. From these considerations, we propose identification of the facets, as shown in the inset in Fig. 1͑d͒ , where opposite faces of the column belong to the same family of crystalline planes. This description is also consistent with the fact that the ͕1010͖ and ͕1011͖ crystalline planes are two families having low surface energy in the hcp structure, which usually appear in the equilibrium crystal shape or during kinetic growth. 16 The Ru slanted columns deposited in the absence of substrate rotation have flat tops tilted towards the flux direction ͑given by the arrow͒, shown in Figs. 1͑e͒ and 1͑f͒. The angle of tilt, ␤ ͑shown in Fig. 1͒ , was measured to be ϳ46.0± 2.2°. Two common equations used to predict ␤ from the incident flux angle, ␣, are the well-known empirical tangent rule, 17 tan ␣ = 2 tan ␤, and ␤ = ␣ − sin −1 ͓͑1 − cos ␣͒ /2͔, referred to as the cosine rule. The cosine rule was determined from geometrical considerations by Tait et al. 18 Observed values of ␣ tend to agree well with the tangent rule for 30°ഛ ␣ ഛ 60°, while the cosine rule is more accurate for ␣ ജ 60°. For our experiment ͑␣ =85°͒, the tangent rule predicts ␤ Ϸ 80.1°, while the cosine rule yields ␤ Ϸ 57.8°. Both of these estimates are substantially off, especially the tangent rule, but deviation is expected because of the large dispersion in the value of ␣. Figure 2͑a͒ shows the bright-field TEM image of an individual vertical Ru column ͑90 min deposition, with substrate rotation͒ with a length of ϳ365 nm. The corresponding SAED pattern is shown in Fig. 2͑c͒ . The diffraction spots are perfectly matched by the theoretical diffraction pattern for a hexagonal crystal lattice, indicating that the vertical Ru column is a single crystal. In addition, the grain size of these single-crystal columns is much larger than the typical grain sizes expected in a polycrystalline Ru film, which ranges from a few to tens of nanometers. 19 The angles between the facets on the column tip and the substrate plane, labeled in Fig. 2͑a͒ , were measured to be 50°and 40°. These values are consistent with the earlier argument presented in Sec. III A. Figure 2͑b͒ shows the slanted Ru column. The slanted column also has a faceted top; however, many fibrous structures are present along its sides in contrast to the smooth sides of the vertical column. In the corresponding SAED pattern in Fig. 2͑d͒ , there is some agreement between the primary diffraction spots and the theoretical pattern, which indicates that the column has a main crystalline structure. This is consistent with the observed faceted top, but there are many spots that remain unaccounted for ͑i.e., the column is not a single crystal͒. One reason why there are so many additional diffraction spots is the presence of small fibers along the column side or because of extensive defects within the column.
B. TEM images
C. X-ray diffraction and texture analysis
XRD is a versatile technique for the study of the texture of thin films or nanoscale structures; the x rays penetrate deep ͑microns͒ into the film and the information obtained is an average of the bulk film texture. The conventional -2 method gives information about only the crystal planes that are oriented towards surface normal, and is useful for element and structure identifications. Since we are also interested in the crystal structure of films grown by oblique angle deposition, we suspect that not all of the crystal planes of interest will assume a normal orientation, in which case pole figure analysis becomes necessary. By combining these experimental methods, we can realize a detailed quantitative description of the crystal structure of these films. Figure 3 shows the x-ray-diffraction -2 spectra of the Ru film, vertical columns, and slanted columns. For the Ru film grown at normal incidence, we can see peaks for the ͕1010͖, ͕0002͖, and ͕1011͖ planes, but in the samples grown by oblique angle deposition, the ͕0002͖ peak is absent. For the vertical columns, this is complemented by a sharp increase in the intensity of the ͕1010͖ peak, while the scan for the slanted columns shows both the ͕1010͖ and ͕1011͖ peaks to have comparable intensities. The Ru peaks could all be assigned to the hexagonal structure of the pure Ru metal. For example, in the case of the Ru film, the ratio of the plane spacing for consecutive peaks ͑not all shown in the figure͒ were 1:1.094:1.140:1.482:1.922:2.048:2.072:2.188, which corresponds to the ͕1010͖, ͕0002͖, ͕1011͖, ͕1012͖, ͕2020͖, ͕1122͖, ͕2021͖, and ͕0004͖ planes, respectively. From higher-resolution scans ͑step size of 0.01°͒, the lattice constants were determined to be a = 2. Pole figures were performed to gain more information about crystal planes that may be oriented at an angle other than surface normal, shown in Fig. 4 . The construction of a pole figure is based on the concept of a stereographic projection, background information for which can be found in most experimental x-ray texts. 20 For the film ͑normal incidence͒ and vertical columns ͑substrate rotation͒, the incident flux direction is azimuthally symmetric. This means that the orientation of the sample with respect to that of the pole figure is symmetric for the film and arbitrary for the vertical columns. For the slanted columns, the flux direction is given by the crosses at the bottom of Figs. 4͑g͒-4͑i͒.
Ru film
The -2 scan shows the coexistence of ͕1010͖, ͕0002͖, and ͕1011͖ normally oriented textures in the continuous film. For the continuous film, the movement of grain boundaries during coalescence usually contributes to the formation of the texture, which could result from minimizing the surface energy. The ͕0001͖ planes are known to possess the highest packing density for hcp crystals, and it is often assumed that this family of planes has the lowest surface energy. To give a more quantitative picture, we make use of the calculations by Matysina. 21 These calculations reported the relative specific surface energies of selected planes of a hexagonal crystal for the ideal hcp case and for various metals. It is assumed that the specific configurational surface energy for a crystal plane is proportional to the number of broken bonds existing on a unit area of the plane surface. For the ideal hcp case, Matysina reported that the ͕0001͖ planes have the lowest number of broken bonds ͑lowest surface energy͒. The ͕1010͖ and ͕1011͖ planes possess the second-and third-lowest surface energy values, respectively. Following the method outlined by Matysina, we calculated the relative specific surface energies for the Ru hexagonal crystal, using the standard values for the lattice parameters ͑given above͒. Physically, a decrease in c / a has the effect of compressing the hexagonal crystal along its c axis. This tends to increase the packing density of planes that possess a component parallel to the c axis. Atoms in planes with a component perpendicular to the c axis simultaneously move further apart, decreasing their packing density. For Ru, these changes are visible in the relative surface energy calculations. The relative surface energies for the ͕1010͖, ͕1011͖, and ͕0001͖ planes were found to be very nearly the same, which follows from an increase in the energy of the ͕0001͖ planes and a decrease in the energy of the ͕1011͖ and ͕1010͖ planes. Consequently, textures for all three planes should be expected in a film deposited by normal incidence.
The pole figures for the smooth Ru film all exhibit rotational symmetry about the axis, with the central peaks in Figs. 4͑a͒-4͑c͒ showing just the planes perpendicular to the surface. The three central poles indicate ͕1010͖, ͕0002͖, and ͕1011͖ textures, supporting the argument given in the previous paragraph. In addition, Fig. 4͑c͒ shows a ring for the ͕1011͖ planes at an angle of ϳ55.3°to the ͕1011͖ planes ͑crystallography predicts an angle of 57.4°͒, so we see that both of these features belong to the same texture.
Ru vertical columns
The -2 scan of the vertical columns, shown in Fig. 3͑b͒ , shows a change in structure, with the previously prominent ͕0002͖ peak now almost completely absent. We could repeat the quantitative analysis of the intensity ratios as for the Ru film, but this is unnecessary as the -2 scan clearly shows a strong ͕1010͖ texture, which Figs. 4͑d͒ and 4͑f͒ confirm. The peak and the ring in Fig. 4͑d͒ are spaced at 58.6°͑crystal-lography predicts 60.0°͒. The angle between the ͕1010͖ pole and smaller ͕1011͖ ring in Figs. 4͑d͒ and 4͑f͒, if they are in the same ͕1010͖ texture, is predicted by crystallography to be 28.7°. This agrees well with the measured angle of 29.9°i n Fig. 4͑f͒ . The larger ring in Fig. 4͑f͒ at 60.3°corresponds to an extremely weak ͕0002͖ normal texture ͑angle predicted by crystallography to be 61.3°͒.
Evidence of an additional texture is visible in Fig. 4͑e͒ , where the ring at ϳ30.8°for the ͕0002͖ planes would not be expected for the ͕1010͖ texture. This is because the calculated angle between the ͕1010͖ and ͕0002͖ planes is 90°. For a ͕1010͖ pole at 0°, the ring due to the ͕0002͖ planes for the same crystal would be at 90°, beyond the scope of the pole figure ͑recall that data were collected up to a tilt angle of = 78°͒. Instead, we note that the ͕1013͖ planes do form a 31.3°angle with the ͕0002͖ planes, and conclude that the ͕0002͖ ring is most probably the dominant member of a very weak ͕1013͖ texture. Only a faint peak was visible at 2 = 78.4°͑not shown here͒ corresponding to ͕1013͖ planes directed towards surface normal.
Ru slanted columns
The -2 pattern for the slanted columns is shown in Fig.  3͑c͒ . The scan is qualitatively the same as that for the Ru vertical columns, with the most noticeable difference being the complete absence of the ͕0002͖ peak. The intensity ratios were calculated to be 1:0.00:0.69 for the ͕1010͖, ͕0002͖, and ͕1011͖ peaks, respectively, showing that the normal texture is mainly along the ͕1010͖ direction for the slanted columns, with a weaker ͕1011͖ component as well. However, for the slanted columns, we expect the texture to be tilted away from the substrate normal.
FIG. 4. Pole figures for the ͕1010͖, ͕0002͖
, and ͕1011͖ planes for the Ru film ͓͑a͒-͑c͔͒, Ru vertical columns ͓͑d͒-͑f͔͒, and Ru slanted columns ͓͑g͒-͑i͔͒, respectively. Each solid bar marks the width of a single diffraction ring, and the number beside it corresponds to the angle at the middle of that width ͑i.e., the angle of the ring͒, obtained from multiple measurements of the inner and outer radii of the ring. The crosses in ͑g͒-͑i͒ mark the direction of the incident flux. The circles, squares, and triangles denote the ͕1011͖ ϫ͕1010͖, ͕10-10͖͕1120͖, and ͕0002͖͕1120͖ textures, respectively. The diamond denotes the ͕0002͖ peak attributed to the initial stages of growth. Figures 4͑g͒-4͑i͒ show the pole figures for the slanted columns. The most pronounced change in these pole figures from those of the vertical columns is the difference in symmetry. The vertical columns were the result of substrate rotation, and the pole figures all exhibit complete azimuthal symmetry. The slanted columns are the result of flux mainly confined to a single plane, about which the symmetry of the texture now lies. This plane is called the vapor incident plane, and it is defined by the substrate normal and vapor flux direction. The isolated diffraction spots indicate that the slanted columns possess multiple two-orientation ͑II-O͒ textures, an arrangement in which two crystalline axes of most crystallites point in preferred directions, denoted by two sets of indices. 16 In contrast, the normal textures in the Ru film or vertical columns only have one preferred direction, called a one-orientation ͑I-O͒ texture. In reporting the II-O texture, the first set of braces refers to the planes whose normals follow the flux close to the sample normal. The second set designates those planes whose normals also lie in the vapor incident plane, but further from substrate normal. Together, these two fixed directions anchor the crystallites in space, having removed all three degrees of freedom. It is also desirable to quantify the degree of tilt of a given texture, and to this end we introduce the parameter ␥. ␥ lies in the vapor incident plane and gives the angle of tilt ͑measured from normal͒ for the pole of the planes given by the first set of parentheses in the II-O texture. ␥ Ͼ 0 indicates a tilt of the II-O texture towards the incident flux, while ␥ Ͻ 0 signifies a tilt away from the flux. Specifically, we found three distinct II-O textures: ͕1011͖ ͕1010͖, ͕1010͖ ͕1120͖, and ͕0002͖ ͕1120͖ with ␥ = 16°, 15°, and −40°, respectively. These textures are listed in decreasing order of intensity.
As an example, we characterize the ͕1011͖ ͕1010͖ texture. In Figs. 4͑g͒-4͑i͒ , the diffraction spots resulting from the ͕1011͖ ͕1010͖ texture are marked by circles. From Fig.  4͑g͒ , we can see a very strong intensity ͕1010͖ spot which tilted at ϳ12°away from the incident flux ͑marked by a cross͒. In the vapor incident plane of Fig. 4͑i͒ there is also a ͕1011͖ peak corresponding to the aforementioned ͕1010͖ spot, tilted towards the incident flux at an angle of about 16°f rom normal. Since the ͕1011͖ peak is tilted towards the flux, and has a higher intensity than its corresponding ͕1010͖ peak, we assign the ͕1011͖ planes to the first set of braces, and the ͕1010͖ planes to the second set, with ␥ = 16°T he calculated pole figures for the ͕1011͖ ͕1010͖ texture for a hexagonal crystal with the lattice parameters of Ru ͑a = 2.7058 and c = 4.2819͒ are presented in Fig. 5 . The realspace orientation of each associated crystallite is also shown. The arrows mark each plane of the crystallite and point in the direction in which the diffraction spot will be visible. Depending on the 2 value, different planes ͑due to different interplanar spacings͒ will be visible in any given pole figure. The visible planes are marked by the dotted arrows, while the planes that will not produce a diffraction spot are marked by solid arrows. The dotted arrows in Fig. 5 are consistent with the circles in Figs. 4͑g͒-4͑i͒ , which correspond to the poles we believe to be the dominant texture. This confirms our proposed ͕1011͖ ͕1010͖ texture. Specifically, the 3, 1, and 6 diffraction spots marked by the circles in Figs. 4͑g͒-4͑i͒, respectively, correspond exactly to the calculated poles for the proposed ͕1011͖ ͕1010͖ texture in Figs. 5͑a͒-5͑c͒, respectively. In Fig. 4͑i͒ , we should avoid the use of the term "spot" because there are so many overlying spots ͑due to the multiple textures͒ that only smeared diffraction peaks are visible. Nevertheless, the location of these smears is consistent with the peaks in the calculated pole figures, and the combined information from all three pole figures serves as confirmation of our proposed texture. In a similar fashion, two other II-O textures were also found: ͕1010͖ ͕1120͖ marked by the squares, and ͕0002͖ ͕1120͖ marked by the triangles in Figs. 4͑h͒ and 4͑i͒ . There is also a weak ͕0002͖ pole tilted at about 23°from normal in the direction towards the incident flux, shown by the diamond in Fig. 4͑h͒ .
IV. DISCUSSION
Due to the isolated structures in these samples, the movement of the grain boundaries that usually contributes to the formation of the texture in the case of continuous films is no longer present. Geometrical advantages of some crystals during growth have been proposed for explaining the texture evolution by van der Drift. 22 Tang et al. 23 recently illustrated that Cu columns having different tilt angles have different vertical growth rates. In a separate study, the competition among Ru columns due to the different vertical growth rates determines the texture tilting angle and the evolution of the dispersion angle of the texture axis. 24 From this geometrical consideration, the columns already show particular crystal shapes, but the reason for the emergence of oriented crystals ͑texture͒ in the very initial growth stage has not been addressed. Using Monte Carlo simulations, Gilmer et al. 25 have suggested that the difference between adatom mobility on crystalline planes can result in the texture formation under oblique angle deposition during the very initial growth. The crystalline plane having lower adatom mobility will grow faster in the vertical direction, 7 therefore, it will receive more flux and survive due to the shadowing effects, as observed in the experiment. During the low-pressure sputtering growth, the energy of incident atoms can peak at 3 -6 eV, with an energy tail extending to more than 20 eV.
A result of this energy distribution is that the incoming atoms retain directional in-plane momentum during surface energy transfer. Several surface energy-transfer mechanisms that occur during sputter growth have been characterized [26] [27] [28] [29] ͑e.g., biased diffusion, kinetic-energy-assisted diffusion, etc.͒. Under oblique angle incidence with the relatively low incident atom energies in our experiment, we choose biased diffusion to be the major diffusion mechanism. We use the same definition of biased diffusion as Kools;
29 biased diffu-sion occurs for incoming atoms which retain a portion of their in-plane momentum after the initial collision with surface atoms, and it will play a similar role as thermal diffusion during the growth. Extensive field ion microscopy ͑FIM͒ studies 30 of adatom surface diffusion support the fact that an adatom's mobility on the sample surface is, in general, not isotropic, and that certain azimuthal directions can exhibit a stronger preference 31 for adatom motion. The overall mobility of incident atoms arriving from different azimuthal angles is harder to obtain. This quantity may require a systematic and time-intensive molecular-dynamics simulation for further investigation. FIG. 5 . Calculated pole figures ͑left͒ and proposed primary crystallite orientation ͑right͒ for the Ru slanted columns for the ͑a͒ ͕1010͖,͑b͒ ͕0002͖, and ͑c͒ ͕1011͖ planes. The ͑tilt͒ axis runs from 0°to 78°, to follow the experiment. The dotted arrows on each crystallite designate the planes responsible for the calculated poles on the left. For the ͕0002͖ pole figure, we only see one of the two possible poles because they are 180°apart, and so cannot both fit into the pole figure.
A. Ru vertical columns: The role of adatom mobility on a rotated substrate
For the case of substrate rotation, we can apply the hardsphere model to compare the mobility of the different crystalline planes by studying the atomic roughness of the substrate without losing the physical nature of our system. 32 In this model, the atoms are approximated as hard spheres with a diameter equal to the distance between two nearestneighbor atoms. Under oblique angle deposition, the incident atom hits the substrate and mainly is retarded by lateral forces. It will continue to transfer its energy to the substrate until it becomes trapped. When the substrate is relatively smooth, there is a little change in the potential of the substrate surface, and the incident atom will not experience lateral forces and become stationary. In contrast, if the substrate has a large atomic roughness, the surface potential will change significantly and create deep potential wells, which will act to retard the movement of atoms. Therefore the atomic roughness will reflect the overall mobility of the incident atoms on the crystalline plane. Figures 6͑a͒-6͑c͒ show the top views of the ͑0001͒, ͑1010͒, and ͑1011͒ planes. The ͑0001͒ plane is the most compact plane; the surface is flat and only the topmost layer can be easily seen. The ͑1010͒ and ͑1011͒ planes are rougher and two atom layers are visible in the top view; the two layers of ͑1010͒ planes have a larger height difference, shown by the darker contrast between them. Below we take the ͑0001͒ plane as an example to calculate the rms atomic roughness. The typical energy of the incident atoms is several eV, so their movement will be confined to the surface. Before calculating the rms roughness, we have to determine the cutoff point on the surface, since, by the hard-sphere model, the incident atom cannot penetrate into the surface unimpeded. For simplicity we define the cutoff point, h, as the lowest point that can be reached by the incident atom. The schematic at the top of Fig. 6 shows an atom on the surface. By inspection, we can find h, which is given by r − ͑d − r͒ =2r − d; where r is the radius of the atom and d is the distance between adjacent crystalline planes. Only parts of the surface that lie above this lowest point will be considered during the calculation of the rms roughness. The values of h for ͑0001͒, ͑1010͒, and ͑1011͒ planes are 0.56, 1.14, and 0.99 Å, respectively, and the corresponding rms roughnesses are calculated to be 0.21, 0.39, and 0.32 Å. Therefore, we would expect that ͑1010͒ plane has the lowest mobility of the incident atoms and the highest vertical growth rate. We note that this description does not take into account that the mobility can be quite high along some azimuthal directions. For example, the ͗0110͘ direction in either Fig. 6͑b͒ or 6͑c͒ allows the possibility for "surface channeling" along the trench formed by rows of atoms on the substrate. Our decision to use an overall effect ͑i.e., rms roughness͒ gives an adequate treatment of the adatom mobility because any effects resulting from a fixed source of flux will be averaged out as the substrate is rotated.
B. Ru slanted columns: The role of biased diffusion for fixed incident flux
For the oblique deposition with fixed substrate, the observed textures are much more complex. From the pole figure analysis we see a dominant ͕1011͖͕1010͖ texture, an obvious ͕1010͖͕1120͖ texture, and a weak ͕0002͖ ͕1120͖ texture. A separate reflection high-energy electron-diffraction ͑RHEED͒ study 33 of varied-thickness sputter-deposited Ru columns ͑␣ =85°͒ observed the coexistence of ͕1011͖ ϫ͕1010͖ and ͕1010͖͕1120͖ II-O textures. Initially, the former texture was strongest, but as the deposition time was increased, the latter showed dominance. No ͕0002͖ texture was visible, not even in the initial stages of growth. This indicates that the crystallites having the ͕0002͖ texture always lie below the other textures in the film and exist only in the early growth stage, which is the reason why a surfacesensitive technique such as RHEED was not able to detect it, but XRD could. There are earlier studies 34, 35 of Co ͑also hcp͒ films evaporated onto a glass substrate at an oblique angle ͑␣ Ϸ 70°͒, with the substrate temperature ranging from 100 to 450°C. In these works, a similar ͕0002͖ pole at about 30°from normal tilted towards the incident flux was re- ported. The pole was attributed to the initial stages of growth, as the intensity of this peak did not increase as the deposition time was increased. The onset of multiple ͕0002͖ textures as the incident flux angle slightly deviates from normal was reported by Jang et al. 36 for hcp AlN films sputter deposited on Si͑001͒. Their substrate temperature ranged from 170 to 500°C. Additional work 37 on Co reported a ͕0002͖ ͕1010͖ texture at ␥ Ϸ 40°for thermally evaporated films with ␣ Ϸ 60°, but for sputtered films with ␣ Ϸ 45°a ͕1010͖͕1120͖ texture with ␥ Ϸ 20°was reported. The texture from the sputtered sample is consistent with one of the textures we observed. The substrate temperatures in each of these instances were −60 and 59°C, respectively. Due to differences in deposited material, deposition technique, and substrate temperature, it is difficult to use the results of these experiments for anything other than qualitative comparison. Compared to the case of deposition with substrate rotation, the most striking characteristic of the texture is the development of another azimuthal preferred direction. This selection of azimuthal angles could also relate to the mobility of incident atoms along different azimuthal directions. Although the overall rms surface roughness was found to be greatest for the ͑1010͒ surface, we can see that for different azimuthal directions along each of the surfaces in Fig. 6 , greatly differing surface profiles are possible. Since the ͕1011͖͕1010͖ texture had the greatest intensity, we can hypothesize that the ͕1011͖ planes on the surface were oriented such that their most rough direction ͓i.e., ͗2132͘, shown in Fig. 6͑c͔͒ lies along the vapor incident plane. This would lead to a lower adatom mobility and corresponding higher vertical growth rate. Following this hypothesis, it is reasonable to ask why the ͕1010͖͕1120͖ texture did not exhibit a stronger intensity, since the ͕1010͖ surface possesses a greater height difference between its first two layers than the ͕1011͖ surface. Naively, we can state that the surface roughness alone cannot justify such a prediction for a stationary sample. Figure 6 shows that although the ͕1010͖ surface has a greater height difference between its top two layers, the trenches formed between the atoms on the top layer are thinner in width than those for the ͕1011͖ surface. This suggests that it may be more difficult for atoms to become trapped there. Therefore, it is reasonable to postulate that the local topographic features on the surface as well as its roughness determine the adatom mobility. It is possible to have two surfaces with identical values for the roughness, but with surface features differing in height and separation. The behavior of the potential energy along the surface, and the ability of that surface to impede the motion of incident atoms would reflect this difference There is no simple way to quantitatively calculate the anisotropy of the mobility. However, biased diffusion does play an important role during the growth shown by the investigation below. From the cross-section SEM images of the slanted columns in Fig. 1͑e͒ , it is evident that the top surface of the column is tilted away from normal. This tilt angle can be estimated to be ϳ40°, which is much larger than the texture tilt angles observed for the slanted columns ͑see Table I͒ . Tang et al. 23 found that for Cu columns grown by oblique thermal evaporation the tilt angle of the top surface is same as the texture tilt angle. Figure 7 illustrates the proposed mechanism for why the top surface of the columns tilts more toward the vapor flux under the sputter growth than the thermally evaporated Cu columns. When the incident atom lands on the top surface A, biased diffusion will cause the atom to travel along the incident direction until it reaches the back edge between top ͑A͒ and side ͑B͒ faces, where step barriers will most likely attract it. This directional mobility will cause the atoms to be distributed more on one side of the edge, resulting in a more tilted top surface during the growth. In the mean time, the tip formed by the top surface A and side face B will gain a geometrical advantage and a consequently higher vertical growth rate. In the event that the directional mobility is too high, adatoms will cross the edge. As a result, the top surface of the column will be much less tilted and will not form a sharp tip. Since we do 
see a well-defined top edge for the slanted Ru columns, we argue that the accumulation of deposited material at the A-B edge due to biased diffusion is one reason why the top faces are more tilted than those for thermally evaporated Cu columns.
An additional explanation for the observed column tip shape follows from the nonuniformity of the incident flux distribution and its effect on the shadowing process. The front edge of a column is more strongly shadowed than the back edge because it lies closer to the shadowing column. The spread in the incident flux enhances this shadowing, as more flux is intercepted by the shadowing column than would be for a uniform flux distribution. The net result is that the front edge will receive less flux than the back edge and will have a corresponding lower vertical growth rate.
In addition to the surface atom mobility reflected by biased diffusion, Zhou and Wadley 27,28 also showed that the sticking coefficient ͑i.e., one minus the atomic reflection probability͒ of incident atoms with large kinetic energy will vary with different crystalline planes. The most compact crystalline plane was observed to have the lowest sticking coefficient. The atoms lying in the high-energy tail might also contribute to the texture formation under oblique angle deposition.
V. CONCLUSIONS
We have prepared three different types of Ru films: conventional film, vertical columns, and slanted columns, by oblique angle sputter deposition. We characterized these samples using multiple real-space and diffraction techniques ͑SEM, TEM, and XRD͒, and our findings are summarized in Table I . The conventional film exhibited multiple normal textures and a continuous surface. The vertical columns exhibited a strong ͕1010͖ texture, and single columns were found to be a single crystal, and the facets on the top of each column were identified. The tops of the slanted columns did not show any evidence of the facets that were characteristic of the vertical columns, and the slanted columns were found to possess three distinct II-O textures: ͕1011͖͕1010͖, ͕1010͖͕1120͖, and ͕0002͖ ͕1120͖, listed in decreasing order of intensity. The respective ␥ values for these three textures were measured to be 16°, 15°, and −40°. Comparisons were made with the existing data for obliquely deposited hcp metals to isolate the cause of the different observed textures. More work on the slanted columns could give better insight to the origins of their crystal morphology. For example, we could use the effect of biased diffusion and geometrical considerations to explain the tilt angle for the top faces of the slanted Ru columns, but we cannot use similar arguments to explain the texture tilt angles. A continued pole figure analysis of slanted columns grown at different deposition angles could clarify the relationship between the multiple observed textures, as well as a systematic simulation study that explores the anisotropic surface properties for different crystal planes.
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FIG. 7.
Schematic depicting the motion of an energetic incident atom. Due to biased diffusion, atoms tend to accumulate at the edge formed between surfaces A and B, which results in a top surface ͑A͒ that is tilted more towards the incident flux. For illustrative purposes, the Ru͕1011͖ planes from the ͕1011͖͕1010͖ texture ͑mainly observed from pole figure analysis͒ are shown. The surface normal, texture tilt angle ͑␥ = 16°from Table I͒ , top face tilt angle ͓ϳ40°from Fig. 1͑e͔͒ , and column tilt angle ͓␤ Ϸ 46°from Fig. 1͑e͔͒ are given by the vertical dotted line, tilted dashed line, tilted dotted line, and tilted solid line, respectively.
